In this study, we determined the most appropriate Hamiltonian that is needed for present calculations of nuclei in the A ∼ = 80 region by the view of interacting boson model (IBM-2). Using the best-fitted values of parameters in the Hamiltonian, we have calculated energy levels and B(E2) values for a number of transitions in some doubly even Se nuclei. The results were compared with the previous experimental and theoretical data and it is observed that they are in good agreement. The calculations have been extended to Se isotopes with A < 76 for which some B(E2) values are still not known.
Introduction
In the past few years, low-lying energy states in several isotopes have been measured for the first time or re-measured with higher precision in the A ∼ =80 mass region [1] [2] [3] [4] . Most shell-model studies of nuclei with Z, N ≤ 50 assume a 88 38 Sr inert core and restrict the valence-proton particles and/or neutron holes to the p 1/2 and g 9/2 orbitals [5] . In principle, inclusion of these orbitals will also make the model space adequate to describe nuclei with Z ≤ 38 as well as possibly accounting for the high spin states that have recently been established in the Zr isotopes. Another of the motivations for considering such a large model space is to allow one to more accurately calculate double-beta decay transitions in Kr, Se and Ge nuclei [5] . For the nuclei with Z > 28, N < 50 protons and neutrons are allowed to occupy g 9/2 , p 1/2 , p 3/2 and f 5/2 orbitals. It is obvious that in such a description the use of 88 38 Sr as a core is no longer convenient. A theoretical explanation for the shape coexistence phenomena has been given by the presence of intruder levels in the neutron or the proton valence shell [6] . Intruder energy states fit naturally into the neutron-proton interacting boson model plus configuration mixing [7, 8] . The neutron-proton (IBM-2) version of the model has previously been applied successfully to the light isotopes of Se, Kr and Sr [9] [10] [11] [12] [13] [14] with emphasis primarily on the description of energy levels. Sets of electromagnetic transition strengths have also been discussed for individual nuclei [15] [16] [17] [18] . Extensive B(E2) data in this mass region are available from the lifetime measurements and coulomb excitation studies of several groups. The even-even Selenium isotopes are the members of the chain that are situated away from both the proton-closed shell at 28 and neutron-closed shell at 50. The 70−82 Se isotopes are transitional nuclei displaying some unexpected features. Besides a varying collectivity reflected by the B(E2) values, they exhibit the pronounced single particle-shell effect [1] . The IBM-2 studies successfully reproduce the nuclear structure changes in the spectra for 40 < N < 50 nuclei, with smoothly varying parameters of the Hamiltonian. The results are less satisfactory for N ≤ 40, apparently because of shape coexistence at low energies in these nuclei [19] [20] [21] . Extension of the studies of these interesting transitional nuclei to regions characterized by a neutron excess, including the exotic nucleus 84 Se (N = 50), is possible.
New experimental information on nuclei far from stability constitutes a challenging test for the applicability of the shell model. For the intermediate-mass nuclei studied here (A ∼ =80) the full pf shell with the intruder f 5/2 orbital and corresponding effective interaction are required.
The present study on the structures of 70−82 Se was undertaken to provide more detail on the neutron-rich isotopes. So, the aim of this study is to assign the most appropriate Hamiltonian and B(E2) transition probabilities of such Se nuclei which are around the mass region A ∼ =80 and to give a clear description about their structure in the dynamic symmetry limits of IBM. Thus the calculations have been extended to Se isotopes with A < 76 for which some B(E2) values are still not known.
The outline of the remaining part of this paper is as follows; starting from an approximate IBM-2 formulation for the Hamiltonian in section.2, we give a review of the theoretical background of the study. The previous experimental and theoretical [22] [23] [24] [25] data are compared with calculated values and the general features of se isotopes in the range A = 70-82 are reviewed in section 3. There are 14 figures in this section; the first one contains the best-fitted parameters used in the present work and some previous parameters used for calculations of Ge [8] and Kr [9] nuclei. Figures 2, 3 and 4 show the results of our calculations for the energies of the ground-state band, quasi-beta band and quasi-gama band of these nuclei respectively. Figure 5 Figure 6 . In Figures 7-13 , some B(E2) ratios which are denoted by R 1 , R 2 , R 3 , R 4 , R 5 , R 6 and R 7 are shown and they are compared with the values of the dynamical symmetry limits of IBM. The last figure relates to the E(J 
Theoretical framework
It has been proposed that the structural changes are related to exceptionally strong neutron-proton interaction. It is also suggested that the neutron-proton effective interactions have a deformation-producing tendency, while the neutron-neutron and protonproton interactions are of spheriphying nature [26, 27] . Within the region of mediumheavy and heavy nuclei, a large number of nuclei exhibit properties that are neither close to anharmonic quadrupole vibrational spectra nor to deformed rotors [28] . The standard description of these phenomena has been given in terms of nuclear triaxiality [29] going from rigid triaxial shapes to more soft potential energy surfaces when describing such nuclei in a geometric description [30] . Within the interacting boson model, when no distinction is made between proton and neutron variables (IBM-1) [31] , triaxiality can be described explicitely, through the introduction of cubic terms in the boson operators [32, 33] . This is a contrast to the recent work of Dieperink and Bijker [34, 35] who showed that triaxiality also occurs in particular dynamic symmetries of the IBM-2 that does distinguish between protons and neutrons.
IBM Hamiltonian takes different forms [36] depending on the regions (SU(5), SU(3), SO(6)) of the traditional IBA triangle. The Hamiltonian that we consider is in the form of [32] ,
where H sd is the standard Hamiltonian of the IBM [37, 38] ,
In the IBA-2 model the neutrons' and protons' degrees of freedom are taken into account explicitly. Thus the Hamiltonian [22] can be written as,
where n dρ is the neutron (proton) d-boson number operator.
where s 
and
In this case M πv affects only the position of the non-fully symmetric states relative to the symmetric ones. For this reason M πv is often referred to as the Majorana force.
The electric quadropole (E2) transitions are one of the important factors within the collective nuclear structure. In IBM-2 model, the general linear E2 operator is expressed as [39] ,
In these expressions χ ρ is an adimansional coefficient and e ρ is the effective quadrupole charges. Below we show how the B(E2;J→J') prescription is implemented in formulation.
Results and discussion
We stress that the choice of parameters for 70−82 Se nuclei is not only based on the energy values but also on the B(E2) values, which will be discussed in this section. The parameters ε, κ, χ ρ and C Lρ are the free parameters that have been determined so as to reproduce as closely as possible the excitation-energy of all positive parity levels for which a clear indication of the spin value exists, following the same procedure described in [40] . The value of χ π has been kept fixed along the isotopic chain as suggested by microscopic considerations which predict that this parameter depends only on the proton number [41] . The full set of adopted parameters is reported in Table 1 . Altogether, six parameters are appearing in the Hamiltonian. Earlier IBM-2 investigators [10, 13] chose not to fit the 0 + 2 state found experimentally and [10] considered it as a non-collective state. Subber [42] , as a starting point, used the IBM-2 parameters of Matsuzaki and Taketani [13] to describe 76 Se. The parameters of their model fitted the energy of 0 + 2 state correctly. Having obtained wavefunctions for the states in 70−82 Se after fitting the experimental energy levels in IBM-2, we can calculate the electromagnetic transition rates between states using the program PHINT [43] . The parameters in the IBM-2 Hamiltonian are obtained from a fit to the experimental data, starting from those parameters given by Kaup [10] and Radhi [22] . The 70−82 Se isotopes have N π = 3, and N ν varies from 7 to 1, while the parameters κ, χ ρ and ε, as well as C Lρ , with L = 0, 2, 4, were treated as free parameters and their values were estimated by fitting to the measured level energies. This procedure was undertaken by selecting the "traditional" values of parameters and then allowing one parameter to vary while keeping the others constant until a best fit was obtained. This was carried out iteratively until an overall fit was achieved. In Table 2 we give a set of parameters for IBM-1 [22] calculations in 70−80 Se. The Hamiltonian sets of parameters which have been varied along the isotopic chain are shown as a function of the neutron number for Ge, Se and Kr isotopes in Fig. 1 . As pointed out by Bijker et.al. [44] , nuclei with χ π + χ υ = 0 have properties close to those of the SO(6) limit. This is also in agreement with earlier IBM-2 [8] calculations for the Ge isotopes. In this study, we take χ π = -1.2 for all Se isotopes and the Se nucleus with close to χ π + χ υ = 0 should have properties close to those of the O(6) limit. In particular, the spectrum of the SU (5) nuclei is dominated by the value of ε, which is large in comparison with the other parameters, whereas O(6) nuclei are characterized by the value of κ, large compared to ε [45] . The energy level fit with these parameters is shown in Table 3 along with IBM-1 levels of [22] . As can be seen, the agreement between experiment and theory is quite good and the general features are reproduced well.
The vibrational limit of the interacting boson model (IBM-1) [31] has been applied to 74 Se and 76 Se [20] and it was concluded that it is difficult to explain the very low energy of the 0 + 2 state and the strength of E2 transitions from the 2 + 2 state to the ground band. The U(5) limit was also used to describe the level structure of 76 Se [46] with an interpretation that the 2 + 2 state is the head of a band which has similar characteristics to those of a γ-vibrational band in a deformed nucleus. An IBM-2 calculation [13] produced satisfactorily the collective energy levels except for the fact that, as usual, excited 0 Calculations of electromagnetic transitions give a good test of nuclear model wave functions. To determine the boson effective charges E2DD and E2SD, we perform a fit to the experimental B(E2) values in the Se isotopes. The matrix elements of the E2 operator of eqn (7) ) with neutron number. B 4/2 is 2 in a pure geometric vibrator and about 1.5 in the finite particle interacting boson approximation (IBA) model. It is 1.43 in a pure rotor. As seen in the figure, it starts to decrease from about 1.8 for N = 36 until the value of about 1.4 for N = 48. It is also showing a changing case from a vibrational structure to along the gama soft rotor. Table 4 shows some B(E2) transition probabilities for a number of levels for even-even Ge, Se and Kr isotopes. The results of the present work were compared with some previous theoretical and experimental values and it was seen that they are in good agreement.
We have calculated E2 transition properties of 70−82 Se in the framework of IBM-2. Then we have compared them with some previous experimental and theoretical studies [1, 3, 9, 22, 42, [47] [48] [49] . In Fig. 6 , we show the B(E2;2 and then the calculated ratios are compared with that of SU(5), O(6), SU(3) ratio limits in Table 5 . This comparison is also shown in the Figures 7-13 respectively. As seen in Table 5 and the figures, the use of the complete Hamiltonian shows that vibrational features are dominant in Se, but with a presence of some O(6) characteristics.
The results shown in Figs. 7-13 indicate about the quality of the fits presented in this manuscript. Here, the set of parameters used in the calculation of Se isotopes is the finest approximation that has been carried out so far. The experimental and calculated values of R 1 in Fig. 7 and R 3 in Fig. 9 show that they are approximately in good agreement. Nevertheless the agreements of R 2 in Fig. 8 and R 7 in Fig. 13 are not good, except for 76 Se. Moreover, the best agreement is for R 4 in Fig. 10, except for 82 Se. As seen in the figure, the large variation of the parameter values between Se and the neighboring Ge isotopes point in the same direction. In Fig. 12 there is only one experimental value, while no experimental values exist in Fig. 11 . The experimental R 5 value for 76 Se must be greater than 0.01; it is calculated as 0.08 and so is therefore acceptable.
An experimental work [42] studying the level spectra of 76 Se and 78 Se suggests a vibrational-like structure, at least in the low-energy region. Rotational-like excited bands have been identified by studying high-spin states and Matsuzaki et.al. [13] have suggested that, with increasing neutron number, a phase transition occurs in the Se isotopes from oblate to prolate deformation, similar to that suggested by Ardouin et.al. [51] in the Ge nuclei. The energy spectrum of the 70−82 Se nuclei can be situated between the pure vibrational and rotational limit [52] . So, the energy ratio E(J 
Conclusion
In this paper we have presented the results of calculations of the properties of 70−82 Se isotopes in terms of the neutron-proton interacting boson model and found in many cases good agreement between our calculations and experiments. For a nucleus to be considered it is necessary that its level scheme be sufficiently well studied, i.e. many levels being known with their spin and parity. This is a necessary, but not sufficiently, condition in order to consider a fit. The calculated B(E2) values resulting from the sets of charge are very similar and in good agreement with experiment for most transitions.
In summary, the systematics in 70−82 Se nuclei have been considered in terms of the interacting boson model. The nuclei show transitional structures and a complex interplay of single-particle and collective features. We may conclude the general characteristics of the Se isotopes are well accounted in this study and the idea of shape coexistence in this region is supported. Fig. 1 The parameters used in Hamiltonian for IBM-2 calculations for Ge [8] ,Se (present study) and Kr [9] . The dashed lines show the parameters taken from [22] . ratios of 70−82 Se isotopes with that of SU(5), O(6) ratio limits. Only one experimental value exists and was taken from [9] . 
